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Abstract The fundamental goal of a pipeline utility is to serve its customers with a low cost water supply
of acceptable quality. The number, type, size, and location of transient protective devices play a direct role
in the pipeline system reliability and expenditure. The purpose of this study is to optimize the design
of these devices to prevent water column separation after source pump power failure. The minimum
pressures along the pipeline are assumed to be higher than ‘‘−10 m’’ to avoid water column separation. A
rational, systematic, and efficient optimization algorithm is constructed by combining the Fuzzy Inference
System (FIS) and the Genetic Algorithm (GA). The FIS representing expert knowledge is incorporated into
the GA approach to improve its fitness evaluation process. Three cases are presented to demonstrate the
effectiveness and efficiency of the proposed hybrid approach.
© 2013 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY license. 1. Introduction
One objective of a pipeline system is to provide customers
with a low cost water supply of acceptable quality. Despite
the many studies conducted on the optimization of pipeline
systems under steady state conditions, there is still much to
be learned about their operation under transient conditions.
Negative and positive transient pressure surges travel along
the pipeline, which may cause damage to the system. It
is, therefore, necessary to study unsteady flows or transient
conditions in pipeline systems. Low pressure transient waves
have considerable potential to draw contaminants through
leaks into a pipeline system. A motivation for considering the
transient waves arises from water quality considerations [1,2].
Transient pressure waves occur in pipelines due to changes
in fluid velocity typically caused by pump power failure or
valve movement. When velocities in a pipe system change so
rapidly that the elastic properties of the pipe and liquid must
be considered in an analysis, there is a hydraulic phenomenon
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of water hammer include two independent partial differential
equations, the conservation of mass andmomentum equations.
The most general and well-known technique for solving these
equations is the method of characteristics. Controlled valve
movement, pump inertia control, pressure relief valves, air
valves, surge tanks (open-end or one-way surge tanks), and
air chambers are some of the transient protection devices and
methods [3].
Vítkovský et al. [4] applied a forward transient technique
and the Genetic Algorithm (GA) optimization technique for
leak detection and calibration of pipe internal roughness in
water distribution systems. Stephenson [5] presented design
nomographs to simplify the process of sizing air vessels for
water hammer protection of pumping pipelines. Jung and
Karney [1] optimized the location, size, and number of transient
control devices in water distribution networks using GA and
Particle Swarm Optimization (PSO). They examined a gravity
network with different protection strategies in each case.
Transient pressure waves were caused by valve closures.
Izquierdo et al. [6] used a neural network to optimize the
design of air vessels based on system parameters to achieve
permissible heads during a hydraulic transient.
The purpose of the present work is to optimize the design of
transient control devices to prevent water column separation
after pump power failure. The optimization algorithm is
combined with a transient simulation program to achieve the
optimal solution. The large search space of the problem is
evier B.V. Open access under CC BY license. 
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number of discrete or continuous variables, does not require
a derivable objective function, explores a wide search space
simultaneously, provides a population of optimum solutions,
andworkswith numerically generated data, experimental data,
or analytical functions in extremely complex problems [7]. In
this paper, GA is improved using fuzzy inference systems. A
fuzzy decision making is incorporated in the GA approach to
improve its fitness evaluation process and its capability for
handling constraints. The fitness evaluation in this paper does
not incorporate cost directly. Each chromosome is evaluated
using a fuzzy decision defined after transient analysis.
The basic idea underlying fuzzy logic was suggested by
Zadeh [8]. In general, fuzzy logic is concerned with formal
principles of approximate reasoning,while classical two-valued
logic (true or false) is concerned with formal principles of
reasoning. Fuzzy logic uses the continuum of logical values
between 0 (completely false) and 1 (completely true). Two
of the main concepts that play an important role in many
applications of fuzzy logic are the concepts of linguistic variable
and fuzzy if-then rules [9]. For example, height is a linguistic
variable when its values are defined to be low, medium or
high. Each linguistic value is represented as a fuzzy set that is
characterized by a membership function, usually taking values
between 0 and 1. In general, a fuzzy rule can be represented as:
If x1 is A1 and x2 is A2 and . . . xn is An then
y1 is B1 and y2 is B2 and . . . ym is Bm,
where x1, x2, . . . , xn, y1, y2, . . . , ym are linguistic variables, and
A1, A2, . . . , An, B1, B2, . . . , Bm are their respective linguistic
values. The goal of using fuzzy systems is to put human
knowledge into engineering systems in a systematic, efficient,
and analyzable order. Fuzzy systems are knowledge-based or
rule-based systems and work very well for many engineering
problems [10].
Goulter and Bouchart [11] used fuzzy sets combined
with linear programming for network cost minimization.
Vamvakeridou-Lyroudia [12] used fuzzy sets for pressure and
velocity constraint violation in a dynamic programming algo-
rithm, for optimal design of water supply networks. Xu and
Goulter [13] presented a fuzzy linear program optimization
method in which the capital costs of the network were min-
imized while maintaining the nodal heads at demand nodes
within a satisfactory region, as defined by the customers
at those nodes. Revelli and Ridolfi [14] simulated uncertain
parameters, like the roughness coefficient of pipes and the
demands of the network, using fuzzy theory. Vamvakeridou-
Lyroudia et al. [15] used a fuzzy multi-objective optimization
model (minimizing cost andmaximizing a benefit-quality func-
tion) to the ‘‘Anytown’’ water distribution network. They used
genetic algorithms, combinedwith fuzzy reasoning, for benefit-
quality evaluation. They showed that their model manages to
find a better solution than any other previous approach in terms
of cost, despite the multiple criteria applied for the benefit
function being more extensive and stricter. Amirabdollahian
et al. [16] applied a fuzzy genetic algorithm to obtain the least-
cost design of looped water distribution networks. They used
a fuzzy decision system to eliminate the traditional use of the
penalty function in the genetic algorithm. They concluded that
their proposed method yielded solutions with reduced costs.
Mamdani and Sugeno are two types of fuzzy inference
system that are tested and compared in this paper. InMamdani-
type inference, the outputmembership functions are fuzzy sets,
but Sugeno output membership functions are constant. TheMamdani method is intuitive and has widespread acceptance,
while the Sugeno method is computationally efficient and
works well with optimization and adaptive techniques. The
Sugeno method also has guaranteed continuity of the output
surface [17]. To demonstrate the effectiveness of the proposed
hybrid approach, three cases are presented.
2. Optimization algorithm
The optimization algorithm is combined with a transient
simulation program to achieve an optimal solution. In ordinary
genetic algorithms, the fitness function that evaluates each
chromosome derives from a mathematical formula describing
the objective function. Definition of a fitness function is an
important and difficult task. The fitness evaluation in this paper
does not incorporate cost directly. In the present work, a fuzzy
decision making is incorporated in the GA approach to improve
its fitness evaluation process and its capability of handling
constraints. The objective of the proposedmethod is to optimize
one-way surge tanks with a least cost design subject to the
following constraints:
1. Minimum pressures along the pipeline should be higher
than ‘‘−10 m’’ to avoid water column separation.
2. Final liquid height in the tanks should be sufficient to
prevent vortices at the surge tank outlet.
As will be explained in the next section (Section 3),
maintaining the desirable final liquid height in the surge
tanks leads to the least cost design of these devices. The final
liquid height constraint is regarded as the objective of the
optimization subject to the minimum head constraint. In this
method, each feasible chromosome (solution) that satisfies
the pressure constraint after transient analysis is evaluated
in the range of [0, 1] using a fuzzy inference system, with
respect to the final liquid height in the surge tanks, as shown
in Figure 1. The fitness value for infeasible chromosomes or
chromosomes that violate the minimum pressure constraint is
set to zero without FIS interference. Normalizing the fitness
value in the range [0, 1], it will be possible to find the
global optimum solution. Using the fuzzy inference system,
determination of the fitness value for each chromosome and
satisfying the constraints, are accomplished in an easy and
transparent manner. A generalized method is obtained for
evaluation of the fitness value that does not change with
dimensional characteristics, time, or location.
Mamdani and Sugeno are two types of fuzzy inference
system that are tested and compared in this paper. In these
fuzzy systems, ‘‘minimum’’ is used as the ‘‘AND’’ operator, and
‘‘maximum’’ is used as the ‘‘OR’’ operator. Theweighted average
and the centroid methods are used as the defuzzification
methods in Sugeno and Mamdani FIS methods, respectively.
The input variables and the rules of these two fuzzy systems are
the same. In Mamdani-type inference, the output membership
functions are fuzzy sets, but Sugeno output membership
functions are constant. The binary genetic algorithm has been
written in MATLAB, version 7.6.0.324 (R2008a). Tournament
selection and elitism (retaining the best solution at each
generation) are used. The probability of uniform crossover is
0.8 and the mutation probability is 0.05. The algorithm stops
when the fitness value reaches one or when the number of
generations is sufficient to converge. The appropriate number
of generations will be noted in each case. The optimization
algorithm is flexible enough to deal with a variety of pipelines,
changing the system characteristics andmembership functions.
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3. Optimization of one-way surge tanks
The one-way surge tank is used to prevent unallowable low
pressures. When the pressure at the tank inlet drops below the
liquid level in the tank, the check valve will open to allow the
flow from the tank into the pipeline. The check valve at the
inlet prevents any return flow into the tank. It is an appropriate
control device in pumping lines because the hydraulic grade
line is usually too far from the pipeline center [3,18].
To obtain the optimal ratio of height to diameter in
surge tanks, the designer should take into account economics,
hydraulics, safety, aesthetic constraints, and so on. Without
structural constraints taken into account, the best height-to-
diameter ratio will be 1, using the mathematical optimization.
The same ratio will be obtained when hydrostatic behavior
considerations are taken into account.
One of the difficulties encountered in hydraulic structures
is vortex formation at intakes. When the submergence depth
(vertical distance between water surface and intake center)
is not sufficient, air enters the pipe by means of a free-
surface vortex and decreases intake efficiency. The critical
submergence (Sc) is the submergence required to avoid air-
entraining vortices at intake, and can be obtained with a
potential flow solution [19–21]. The difference between results
obtained from this theory and experimental data is within
10%. Possible causes for this difference may be viscosity,
surface tension, gravity, and circulation effects present in
real fluid-flow. Furthermore, as intake diameter increases, the
assumption of ‘‘point sink’’ may deviate from reality. Due to
these reasons, the critical submergence for a real fluid flowFigure 2: Schematic view of a one-way surge tank.
found by the potential flow theory should be increased by
about 10% or so, depending on other conditions [19]. With an
appropriate margin of safety and considering bathtub vortex
criteria, the minimum (final) liquid height in the surge tank
above the pipeline level is chosen about 1.0 m for conditions
in the present study.
The initial water volume in the surge tank comprises three
parts, as shown in Figure 2. The first part is consumed to
overcome water column separation, the second part must
remain in the tank to prevent vortices, and the third part is
related to the clearance of the intake (vertical distance from
intake level to the bottom of the tank).
For the pipeline used in this study, 100 different scenarios of
one-way surge tanks, with and without an air chamber, were
tested using the transient simulation model, via a trial and
error process that satisfied the minimum pressure constraint.
Number, size, and location of the surge tanks, as well as the
initial air volume in the air chamber, were assumed to vary
in each scenario. The volume of water consumed by one-way
surge tanks to avoid water column separation was computed
for each scenario. The results obtained from this investigation
showed that the number, size, and location of the surge tanks
had no significant effects on the volume of water consumed to
overcomewater column separation. In otherwords, the amount
of water consumed in the surge tanks to effectively handle the
water column separation is approximately constant. Changes
in surge tank design only affect the water remaining in the
tanks or the minimum head in the system. This conclusion is
demonstrated through the illustrative cases that will follow.
From the above observations, it may be concluded that
the optimal design of the surge tank will be accomplished
when the first part of the water volume in each surge
tank (part 1) is completely consumed to overcome water
column separation, and thewater remaining above the pipeline
level (part 2) is only sufficient to prevent bathtub vortices.
Therefore, maintaining the desirable final liquid height in the
surge tanks leads to the least cost design of these devices.
Undoubtedly, the number of one-way surge tanks must also
be considered in the optimization process because of the
installation, maintenance, and operation problems associated
with these hydraulic devices.
The above heuristics are presented in a number of fuzzy IF-
THEN rules. In other words, expert knowledge is transformed
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into a fuzzy system. When transient analysis is completed,
the final liquid height in each surge tank may be insufficient
(less than 1.0 m and unable to prevent bathtub vortices),
sufficient (about 1.0 m), or excessive (more than 1.0 m). Each
input comprises three membership functions (low, good, and
high), if it is insufficient, sufficient, or excessive, respectively,
as presented in Figure 3. The horizontal axis represents the
final water surface height and the vertical axis represents
membership values for ‘‘low’’, ‘‘good’’ and ‘‘high’’. The upper
and lower bounds depend on the size of the surge tanks and
are determined by the optimization algorithm. If the liquid
height in the tank reaches zero and the pressure at the tank
connection drops to below zero, the liquid height in the surge
tank will be presented by a negative value, as shown in the
‘‘low’’ membership function in Figure 3. This means that the
size of the one-way surge tank must be increased. The inputs
are considered to be theminimum,maximum, andmean values
among the final liquid height in the surge tanks. The output is
the fitness value in the range of [0, 1], as shown in Figure 4. The
fuzzy system is constructed based on 10 rules. The infeasible
rules are omitted.
4. Description of pipeline system
The pipeline used for this study is that studied by
Watters [18]. A transient analysis program is used to determine
the pressure head and velocity along the pipeline system after
pump power failure. The code of this program is presented in
FORTRAN [3], which is converted to metric units. It is based
on the method of characteristics. The system includes a pump
station at the upstream and a reservoir at the downstream, as
shown in Figure 5. The pump station has four similar (source)
pumps in parallel to deliver 694 lit/s from an elevation of
120.4 m to an elevation of 256 m. Pipeline specifications are
presented in Table 1. Each pump has five stages and the rotary
moment of inertia for each pump and motor unit is 20 kg m2.
The minimum pressures along the pipeline are assumed to
be higher than ‘‘−10 m’’ to avoid water column separation,
based on absolute atmospheric pressure, fluid temperature,
and vapor pressure. The real time of transient simulation after
power failure is set at 100 s. The results of the analysis show
that column separation occurs at about 5.197 s after complete
pump power failure. A software package ‘‘HYTRAN’’ [22] is usedfor checking and verifying the transient analysis program. This
study consists of three cases. The aim of the first case is to
optimize one-way surge tanks in a system including an air
chamber. In the second case, optimization of one-way surge
tanks in the system without an air chamber is considered for
preventing column separation. The third case is presented to
investigate the possibility of maintaining the positive pressures
along the pipeline system.
5. Results and discussions
5.1. Case 1
As already stated, column separation occurs at about 5.197 s
after complete pump power failure. In this case, optimization of
three one-way surge tanks in a system including an air chamber
is considered to maintain allowable pressures. The air chamber
is located at the pump station and the initial air volume is set at
2.8 m3 (100 ft3). Since a one-way surge tank can be placed on
each node, a total number of 42 series pipes, starting with pipe
number one at the upstream, are considered instead of the three
existing pipes (three segments in the shortest pipe, 23 and 16
segments in the two other pipes). Four different sizes (1, 1.25,
1.5, and 1.75 m) are considered for the diameter of each surge
tank. The ratio of initial liquid height to diameter in each surge
tank is assumed to be 1.0 fromwhich the height of each tank can
be calculated after its diameter is determined. The diameter of
the connection pipe to the pipeline and the discharge coefficient
in the surge tanks are assumed to be 0.3m and 0.8, respectively.
The location and size (diameter) of three one-way surge
tanks are the design variables. Therefore, there are 4,093,440
(41 × 40 × 39 × 4 × 4 × 4) possible combinations in the
complete enumeration for this case. The population size is
100 and the algorithm stops when the fitness value reaches
one or when there are 50 generations. The fuzzy system
used is a three-input-one-output system with 10 rules. The
three inputs are the minimum, maximum, and mean values
among the final liquid height in the tanks, and the output is
the fitness value. The result of the optimization shows that
only two one-way surge tanks will be sufficient to overcome
column separation. The initial liquid height in one of the three
surge tanks does not decrease during transient simulation and
two other tanks are sufficient to prevent column separation.
Therefore, this tank is omitted and the simulation program
runs again with two remaining tanks. Mamdani and Sugeno
results are presented in Table 2. It is shown that both Mamdani
and Sugeno methods yield the same results, but the Sugeno
system shows a slower convergence in this case. The numbers
of generations to convergence in Mamdani and Sugeno types
are 5 and 13, respectively, as shown in Figure 6. Although
both methods achieve the same solutions, a slight difference is
observed between the two maximum fitness values in the two(a) Mamdani type. (b) Sugeno type.
Figure 4: Membership functions for output variable.
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Pipe no. Upstream
elevation (m)
Downstream
elevation (m)
Length (m) Diameter (m) Material Friction factor Wave
speed (m/s)
1 126.5 126.5 610 0.762 Steel 0.013 1094
2 126.5 213.4 4828 0.762 Steel 0.013 1094
3 213.4 246.9 3219 0.762 Concretea 0.019 1063
a Reinforced concrete.Table 2: Results of case 1.
FIS method Optimization results of one-way surge tanks Transient analysis results Maximum
fitness value
Number of
generations
No. Optimal
locationa
Diameter (m) Initial
liquid
height (m)
Final
liquid
height (m)
Minimum
head (m)
Maximum
air
volume (m3)
Consumed
water
(m3)
Mamdani
1b 16 1.00 1.00 1.00
−9.62 7.74 1.14 0.85 52 29 1.50 1.50 1.02
3 36 1.25 1.25 1.02
Sugeno
1b 10 1.00 1.00 1.00
−9.62 7.74 1.14 0.98 132 29 1.50 1.50 1.02
3 36 1.25 1.25 1.02
a The number refers to the pipe number where a one-way surge tank is located at downstream end of the pipe.
b This surge tank is omitted because the initial liquid height does not change in this tank.Figure 5: The schematic layout of the pipeline.
Figure 6: Convergence of fuzzy genetic algorithm in case 1.
sets of results, as presented in Table 2. The explanation for this
is that the output membership functions are fuzzy sets in the
Mamdani system but constant in the Sugeno system.
Fulfillment of the minimum pressure constraint and final
liquid height in the tanks indicates the effectiveness of the
fuzzy-genetic method. The surge tank closer to the pumpFigure 7: Volume of consumed water by one-way surge tanks.
station (at node 30 or at the downstream end of the 29th pipe)
is larger and consumes more water. The reason for this may
be that this tank should act sooner than the other to eliminate
negative pressures. Figure 7 shows the total volume of water
consumed by one-way surge tanks to avoid column separation
for each generation number. As demonstrated in Figure 7, the
difference betweenmaximum andminimum values is less than
0.07 m3 of water before convergence, which is negligible in
comparison with the dimensions of the surge tanks.
After each power failure event, liquid is drawn into the
pipeline from the air chamber, permitting the flow in the
pipeline to decelerate more slowly and keeping the pressure
relatively high. As the amount of liquid in the air chamber
decreases, the air volume expands, decreasing the pressure at
the pump discharge. The air chamber must be sufficiently large
to supply the needs of the pipeline without being empty and
permitting air to enter the pipeline. The maximum air volume
during the transient analysis establishes the minimum total
volume of the air chamber. With an initial air volume of 2.8m3,
the maximum air volume in the air chamber will be 7.74 m3
(Table 2). When the air chamber is used alone, the initial air
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volume must be at least 5.9 m3 to prevent water column
separation, and the maximum air volume will be 13.06 m3.
The reduction of the final air volume when the surge tanks are
installed will be 40.7%. It is, therefore, possible to decrease the
air chamber size to a considerable extent by using one-way
surge tanks.
Figure 8 shows the propagation of a negative wave resulting
from pump power failure without any transient control devices
every fifth time step. Column separation occurs at about 5.197 s
and the minimum pressure will be lower than ‘‘−10 m’’.
Included in this plot are the results from runs (Case 1) and an air
chamber alone, which represent the lower bound on pressure
heads along the pipeline (envelope curves). The extreme values
of minimum head along the pipeline after these scenarios are
higher than ‘‘−10 m’’. Figure 8 illustrates how these scenarios
affect the pressure profile during a transient incident. In Case
1, the minimum head is ‘‘−9.62 m’’ (Table 2) at node 35 after
8.167 s. The optimum locations are at the downstream end of
pipe 29 (node 30) and at the downstream end of pipe 36 (node
37). In another alternative scenario (i.e., air chamber alone with
an initial air volume of 5.9m3), theminimumhead is ‘‘−9.87m’’
at node 31 after 10.208 s.
In Table 3, simulation runs are again presented to see if
there are any alternatives to having just one larger tank half
way between. All conditions (the initial air volume in the air
chamber and the other characteristics of air chamber and surge
tank) are the same as those in Case 1.
5.2. Case 2
In this case, optimization of five one-way surge tanks in the
system without an air chamber is used for preventing column
separation. The diameter of the connection pipe to the pipeline,
and the discharge coefficient in the surge tanks, are assumed
to be 0.3 m and 0.8, respectively. The ratio of initial liquid
height to diameter in each surge tank is assumed to be 1.0.
The location and diameter of the five one-way surge tanks
are the design variables. The options for the location of surge
tanks are considered to be the same as in the previous case.
Four different sizes (2, 2.5, 3, and 3.5 m) are assumed for the
diameter of each surge tank. There are 92,086,026,240 (41 ×
40×39×38×37×45) possible combinations in the complete
enumeration for this case. With a population size of 100
chromosomes, and after 100 generations, the maximum fitness
value will be approximately 0.6. Therefore, 10,000 evaluations
will be performed in each run (0.000011% of the total possible
combinations). As demonstrated in Table 4, the Mamdani
and Sugeno methods yield the same results. Figure 9 shows
maximum fitness values for 100 generations. The minimum
pressures along the pipeline are kept at an acceptable level.Figure 9: Convergence of fuzzy genetic algorithm in case 2.
Figure 10: Convergence of fuzzy genetic algorithm in case 3.
5.3. Case 3
In order to get positive pressures along the pipeline system
in this case, two one-way surge tanks and four possible values
for the initial air volume (4, 5, 6, and 7 m3) in the air chamber
are assumed. The location and diameter of two one-way surge
tanks and the initial air volume in the air chamber are the
design variables. The rules of the fuzzy system, the options for
the location and diameter of surge tanks, and the population
size are considered to be the same as in Case 2. Mamdani
and Sugeno results are summarized in Table 5. The number
of generations to convergence is presented in Figure 10. Both
Mamdani and Sugeno methods show the same results for this
case. The minimum pressures along the pipeline are positive.
6. Conclusions
This paper applies Genetic Algorithms (GA) combined with
Fuzzy Inference Systems (FIS) for optimization of the location
and size of surge tanks in a water system consisting of a
series of pipes. The fitness evaluation in this paper does not
incorporate cost directly. Minimizing the size of the surge
tanks results inminimized costs.Maintaining the desirable final
liquid height in the surge tanks leads to a least cost design
(the least volume of material used in the walls, bottom, and
roof) for these devices. The results obtained from the present
work indicate that determination of the fitness value for each
chromosome and satisfaction of the constraints can be simply
accomplished using the fuzzy inference system. A generalized
method is developed for evaluating the fitness value that does
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Alternative no. No. of surge tanks Locationa Tank diameter (m) Initial liquid height (m) Minimum head (m)
1 1 32 3 10 Column separation occurs
2 1 33 3 10 Column separation occurs
a Location is the pipe number where a one-way surge tank is located at downstream end of the pipe.Table 4: Results of Case 2.
FIS method Optimization results of one-way surge tanks Transient analysis results Maximum
fitness value
Number of
generations
No. Optimal
locationa
Diameter (m) Initial liquid
height (m)
Final liquid
height (m)
Minimum
head (m)
Consumed
water (m3)
Mamdani
1 16 2.00 2.00 1.83
−9.61 5.26 0.54 42
2 21 2.00 2.00 1.75
3 25 2.00 2.00 1.45
4 30 3.00 3.00 2.73
5 36 2.00 2.00 1.90
Sugeno
1 16 2.00 2.00 1.83
−9.61 5.26 0.57 43
2 21 2.00 2.00 1.75
3 25 2.00 2.00 1.45
4 30 3.00 3.00 2.73
5 36 2.00 2.00 1.90
a The number refers to the pipe number where a one-way surge tank is located at downstream end of the pipe.Table 5: Results of case 3.
FIS method Optimization results Transient analysis results Maximum
fitness value
Number of
generations
Initial air
volume (m3)
Surge
tanks no.
Optimal
locationa
Tank di-
ameter (m)
Initial liquid
height (m)
Minimum
head (m)
Maximum air
volume (m3)
Mamdani 7.00 1 30 2.00 2.00 0.03 14.94 0.50 132 36 2.50 2.50
Sugeno 7.00 1 30 2.00 2.00 0.03 14.94 0.50 132 36 2.50 2.50
a The number refers to the pipe number where a one-way surge tank is located at downstream end of the pipe.not change with dimensional characteristics, time (implying
inflation and discount rates in costs), and location. The stopping
criteria of the optimization algorithmbecome rational, and local
optimum solutions are avoided by normalizing the fitness value
in the range [0, 1]. The number, size, and location of the surge
tanks have no significant effects on the volume of consumed
water to overcome water column separation. In other words,
the amount of water consumed by one-way surge tanks to
effectively handle water column separation is approximately
constant and does not change with changes in surge tank
geometry or location. Mamdani and Sugeno methods yield
similar results for the demonstrated cases. Fulfillment of the
minimum pressure constraint and critical submergence shows
the effectiveness of the fuzzy-genetic method proposed.
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